Low cost water purification methods are needed in developing countries. Therefore, we have examined the biosorption potential of apple peel immobilised on sodium alginate beads. This was performed using a solution containing seven toxic ions, namely arsenic, cadmium, chromium, copper, mercury, lead and nickel. The effects of pH, contact time, biosorbent concentration and the presence of co-ions was investigated. Results showed that biosorption of all the ions except As and Cr was pH-dependent. At neutral pH the biosorption order for apple peel beads was Cd > Cu > Pb > Ni > Hg > Cr > As with 90, 80, 73, 72, 70, 10 and 2% biosorption, respectively. Biosorption reached equilibrium for Pb (6 h), Hg (10 h), Cd and Ni (24 h), and Cu (48 h). Kinetic models for film diffusion, pore diffusion, pseudo-first order (PFO), pseudo-second order and Elovich equation were applied and PFO was found to be the best fitting model based on coefficient of determination values. The biosorption of ions by apple peel beads was significantly higher than with empty beads throughout the time course (15 min-72 h). Biosorption increased with increasing biosorbent concentration for all ions except As, Cr and Hg. A significant suppression in biosorption for all ions was observed in the presence of co-ions, except for Cd and Cu. In conclusion, apple peel beads have the ability to remove toxic ions from a cocktail solution that has properties that mimic drinking water.
PUBLIC INTEREST STATEMENT
The present study was undertaken with the aim to investigate the biosorption of apple peel immobilised as sodium alginate beads. The aim was to develop an economical but realistic drinking water decontamination method for use in developing countries where heavy metal contamination of drinking water is problematic. Thus, the capacity of the biosorbent beads to remove seven different ions in simulated drinking was examined. The simulation included realistic contamination levels and a neutral pH range as both would be characteristics of drinking water. This ensured that the results with the apple peel beads would be specific and relevant to drinking water.
Introduction
Heavy metals are a serious health concern because they are non-biodegradable, persistent and have a very long biological half-life (Barbier, Jacquillet, Tauc, Cougnon, & Poujeol, 2005) . They can accumulate in the body and are associated with cancer risk and the development of other diseases (Mudhoo, Garg, & Wang, 2012; Tchounwou, Yedjou, Patlolla, & Sutton, 2012) . Conventional methods for removing heavy metals from water are expensive and also generate large quantities of toxic chemical sludge (Acharya, Kumar, & Rafi, 2018; Azimi, Azari, Rezakazemi, & Ansarpour, 2017) . Therefore, polysaccharide based agricultural wastes containing carboxyl, hydroxyl, phenols, amines and other functional groups have been explored as potential low-cost biosorbents for removing heavy metals from solution (Khatoon & Rai, 2016; Mudhoo et al., 2012) .
The consumption of food has been increasing with the growing world population and the disposal of fruit peel as a solid waste is also a growing concern. (Cheok et al., 2018; Pathak, Mandavgane, & Kulkarni, 2017) . Land pollution from dumping solid wastes into landfills as well as the production of methane from anaerobic decomposition has stimulated the interest in converting agricultural and industrial waste material into commercial products (Chand & Pakade, 2013; Kandari & Gupta, 2017) . One such product is apple waste, as it is generated in large quantities in food processing industries and it has also been used to prepare biosorbents for removal of toxic metals from water (Chand, Bafana, & Pakade, 2015a; Enniya, Rghioui, & Jourani, 2018) . Common methods of processing biosorbents includes drying (Mallampati & Valiyaveettil, 2013) , reducing particle size (Chand & Pakade, 2015b; Lee, Jung, Chung, Lee, & Yang, 1998; Lee & Yang, 1997; Maranon & Sastre, 1992a ) and preparing activated carbon from apple peel/pomace (Enniya et al., 2018) . This results in the production of fine biosorbent particles that remain suspended in water and are difficult to separate and thus immobilising them as easily separable beads is recommended (Jakóbik-Kolon, Bok-Badura, Karoń, Mitko, & Milewski, 2017) .
Sodium alginate is a natural polysaccharide derived from brown algae (Zhao, Wang, Zhang, Gu, & Gao, 2018) . This polymer has biosorption properties of its own because of the presence of functional groups on its surface (Jawad, Sha, Siajam, Ismail, & Siajam, 2016) . It forms a gel in water and a very stable polymeric complex in the presence of Ca +2 ions (Mousa et al., 2016; Singh, Pavankumar, Lakshmanan, & Rajarao, 2012; Vandenbossche, Jimenez, Casetta, & Traisnel, 2015) . Therefore, very fine biosorbent particles can be mixed with sodium alginate in water and sturdy beads can be produced instantaneously in calcium chloride solution (Lai, Annadurai, Huang, & Lee, 2008) . The resulting beads are very easy to remove by simple decantation or filtration and hence are very convenient.
In the present work, apple peel was immobilised with sodium alginate and its biosorbent performance was compared to an empty sodium alginate bead. Most of the previously published work has examined single metals in solutions for biosorption studies but recently attention has shifted to multi-ion biosorption (Deng et al., 2017; Lessa, Medina, Ribeiro, & Fajardo, 2017; Massimi et al., 2018; Milani, Consonni, Labuto, & Carrilho, 2018; Paul, Nwoken, & Anumonye, 2018; Petrella et al., 2018) . In the present work, biosorption was studied in a cocktail of arsenic (As V) and six heavy metal ions, namely, cadmium (Cd II), chromium (Cr VI), copper (Cu II), mercury (Hg II), lead (Pb II) and nickel (Ni II), as all are potential drinking water contaminates. Lastly, the metal concentrations previously studied were very high relative to those found in drinking water and were more relevant for industrial waste water (Febrianto et al., 2009; Petrovič & Simonič, 2016; Yasim, Ismail, Zaki, & Azis, 2016) . Very few studies have been conducted with low heavy metal contamination levels (Irem, Islam, Khan, Ul Haq, & Hashmat, 2017) . Additionally, no previous work has examined the use of unmodified apple peel immobilised onto alginate beads for biosorption of seven toxic ions in a low concentration cocktail solution at drinking water pH. Therefore, this study aimed to determine the efficacy of these beads under these conditions. Kinetic modelling of the biosorbent data was also performed in order to elucidate the biosorption process.
Materials and methods

Preparation of metal solutions
Deionised water was spiked with standard solutions of seven ions, namely, As (V), Cd (II), Cr (VI), Cu (II), Hg (II), Pb (II) and Ni (II) at the same concentration (i.e., 0.1 mgL −1 ). Single ion solutions and cocktail solutions were prepared in the same manner. The pH of the solution was adjusted using 0.1 M nitric acid and 0.1 M sodium hydroxide.
Biosorbent preparation
Red Eve apples were purchased from a supermarket in Dunedin, New Zealand. The peels were removed, washed thoroughly, once with hot water to remove any wax content, twice with tap water and twice with deionised distilled water, and allowed to air-dry at room temperature for 24 h. They were then cut into small pieces and oven dried at 50°C for 24 h. The dried peel pieces were milled and sieved to a particle size of <240 µm. Apple peel particles were then mixed with 1% sodium alginate slurry in the ratio 6:1 and added dropwise to 0.1M calcium chloride solution. Sodium alginate control beads were prepared similarly without apple peel. Beads formed instantaneously and were allowed to cure in the solution at 4°C for 24 h. They were washed thoroughly and allowed to dry to a constant weight at 37°C for 48 h. The beads were stored in airtight containers away from moisture until further use. After the biosorption process, beads were removed from the solution by decantation and dried again to a constant weight at 37°C for 48 h.
Surface imaging
The surface morphology of the apple peel particles and the beads before and after biosorption was examined using SEM-EDS. The samples were mounted on an aluminium stub using double sided carbon tape and sputter coated with 10 nm of gold palladium using an Emitech K575x sputter coater (EM Technologies Ltd, Kent, England). The surface morphology was examined using a JEOL 6700F Field emission SEM (JSM-6700F, JEOL Ltd., Japan) at 3.0 kV. Samples for EDS were coated with 10 nm of carbon using an Emitech 250X carbon coater attachment on the sputter coater. EDS analysis was performed using a JEOL 2300F EDS system (JEOL Ltd, Tokyo, Japan) at 20.0 kV.
Biosorption experiments
To study the biosorption process, cocktail solutions of seven ions were shaken with the beads. The difference in the concentrations measured before and after biosorption was used for calculating various parameters. One important assumption was that the decrease in the concentration of ions from the solution was equal to the uptake of ions by the biosorbent (Kratochvil & Volesky, 1998) . The following equations were used:
( 3) where, c o and c t (mg L −1 ) are the initial concentration and concentration at time "t" respectively, c ad (mg L −1 ) is the concentration biosorbed, q t (mg g −1 ) is the amount of ions biosorbed per gram of bead, V (mL) is the volume of solution and m (g) is the weight of the biosorbent. The time point beyond which there was no significant increase in biosorption was defined as the equilibrium time, (q t ) while q e was the experimentally observed equilibrium biosorption capacity.
An aliquot of cocktail solution with no bead was used as a quality control sample, to rule out the possibility of any ion adsorption by the walls of the flasks. Similarly, deionised water with beads was used to detect any background levels of the ions of interest leaching from the beads into the solution. Both of these controls were included in each experiment.
Metal detection by ICP-MS
At the end of the biosorption process, the solutions were decanted into Digitubes (50 mL ICP MS grade polypropylene and certified with no metallic additives). They were then acidified with 2% nitric acid and stored at 4°C overnight. An Agilent 7900 quadrupole inductively coupled plasma detector coupled with mass spectrometry (ICP-MS) was used to measure the concentration of the metals. The sensitivity of the instrument required dilution of the samples with 2% nitric acid prior to injection. A general purpose tune was selected for robust conditions to minimise interferences and instrumental drift. A cocktail of six reference elements was added online to compensate for any drift or possible matrix effects. The instrument was calibrated using NIST traceable ICP-MS standards.
Effect of ph
To investigate the effect of pH on biosorption, 25 mL aliquots of cocktail solutions containing 0.1 mg L −1 of each ion were added to glass flasks and the pH of each flask was adjusted to either 6.5, 7.0, 7.5. 8.0 or 8.5. Each flask was shaken in an orbital mixer incubator at 25°C and 250 rpm with one apple peel bead for 24 h. The concentration of solutions was then measured by ICP-MS.
Effect of contact time
To study the effect of contact time, duplicate glass flasks containing cocktail solution (25 ml) at 0.1 mg L −1 concentration of each metal ion and pH 7.0 were incubated with one apple peel bead or with one sodium alginate bead. Flasks were kept at 25°C and were shaken at 250 rpm. Duplicate flasks were removed at various time points (0.25-72 h) and the concentration of the metals remaining in the solution was measured.
Kinetic models
All kinetic models were analysed by linear regression using the same set of biosorption data The values for the constants k FD , k PD , k 1 , k 2 , a and b were calculated from the slopes and y-intercepts of the respective straight line graphs ( Table 1) . Goodness of fit for each model was demonstrated by the closeness of R 2 values to unity, which represents the percentage of variability in the dependent variable (Foo & Hameed, 2010) , and data is presented for R 2 ≥ 0.93. The fitting of the experimental data to any of the models suggests that the process can be explained by the assumptions proposed by that particular model (Mousa et al., 2016) . (Tan & Hameed, 2017) PSO initial biosorption rate (h) Tan & Hameed, 2017) Elovich Equation Schwantes et al., 2016) q t (mg g −1 ) is biosorption capacity at any given time point; q e (mg g −1 ) is equilibrium biosorption capacity; F ¼ q t =q e is the fractional attainment of equilibrium, k FD (min −1 ) is film diffusion rate constant; k PD (in mg g −1 min −0.5 ) is pore diffusion rate constant; k 1 (min −1 ) is PFO rate constant; k 2 (g mg −1 min −1 ) is PSO rate constant; h (mg g −1 min −1 ) is initial biosorption rate; "a" (mg g −1 min −1 ) represents the initial chemisorption velocity; "b" (g mg −1 ) indicates the number of suitable sites for the adsorption, which is related to the surface coverage extension and activation energy of chemisorption
Effect of biosorbent concentration
To investigate the effect of biosorbent concentration, 25 mL aliquots of cocktail solutions containing 0.1 mg L −1 of each ion were added to glass flasks and the pH was adjusted to 7.0. An increasing number of apple peel beads (1-10) were added to individual flasks which were then shaken in an orbital mixer incubator at 25°C and 250 rpm for 10 h. The concentration of solutions was then measured by ICP-MS.
Effect of co-ions
To examine the effect of the presence of co-ions, 25 mL aliquots of the seven single ions in solution each at an initial concentration 0.1 mg L −1 were added to individual glass flasks and these were compared to a cocktail solution containing all seven ions together (each at 0.1 mg L −1 ). The pH of all the solutions was adjusted to pH 7.0 and one apple peel bead was then added to each flask and the flasks were shaken in an orbital mixer incubator at 25°C and 250 rpm. The concentrations of the ions in the solutions were then measured at 1.5, 10 and 24 h by ICP-MS.
Statistics
All the experiments were performed in triplicate and the results are expressed as mean ± SEM. Statistically significant difference (p < 0.05) with a 95% confidence interval was calculated using a two-way analysis of variance (ANOVA) coupled with a Bonferroni post-hoc test.
Results and discussion
3.1. Surface imaging SEM-EDS were used to compare the surface morphology of sodium alginate beads with and without apple peel, particularly the variation in structure and geometry that contributed to the binding of the various ions to their surface. The micrographs of apple peel particles at 250X showed the presence of clusters of smaller particles adhering to each other (Figure 1(a) ), while at 2000X the surface of these particles were uneven and rugged with smaller three-dimensional particles closely adhering to each other forming spaces between them (Figure 1(b) ). The spectrograms obtained from EDS analysis showed the absence of the metals of interest (Figure 1(c) ).
Apple peel and sodium alginate beads before biosorption were viewed at 50X and 2000X magnification. While the apple peel bead showed a rugged surface made of hills, valleys and dimples of various sizes (Figure 2(a,b) ), the surface of the sodium alginate bead appeared smooth with dents, tiny pores and cracks distributed unevenly throughout ( Figure 2(c,d) ). The beads were spherical in shape and apple peel beads had a diameter > 1.8 mm, which were approximately twice the size of control beads (diameter < 1.0 mm) (Table 2 ). Furthermore, apple peel beads had folds distributed throughout the surface whereas control beads had a much smoother surface, although crevices, pores and wrinkles were still visible at higher magnifications ( Figure 2(c,d) ). Similar results have been reported for calcium alginate beads (Song, Park, Kang, Park, & Han, 2013) . The shape and texture of the peel immobilised and non-immobilised beads is in agreement with published work but not the size. This is due to the high peel particle to sodium alginate ratio (6:1) used to prepare the beads. This allowed the formation of dense sodium alginate-particle cross-linkages in the alginate matrix and hence increased the size of the beads. The texture of other beads was also reported to be rough and heterogeneous following the incorporation of lemon peel (Aichour, Zaghouane-Boudiaf, Iborra, & Polo, 2018) and coconut shell (Hassan, Abdel-Mohsen, & Fouda, 2014) particles, as compared to the smoother empty beads. The SEM image of dried lemon peel beads (Aichour et al., 2018) was very similar to the apple peel bead produced in this study.
The EDS spectrograms before biosorption showed the absence of any of the ions of interest. However, other elements were identified throughout the bead surface ( Figure 2(e,f) ). The presence of calcium peaks on the bead surface confirms the contribution of ion-exchange in the biosorption process (Lessa et al., 2017) . Prominent peaks of carbon, oxygen, sodium, magnesium, potassium and sulphur were expected as they are common elements found in alginate as well as apple peel. These were observed in the spectrograms and this has also been reported by other researchers examining orange peel (Lugo-Lugo, Barrera-Díaz, Ureña-Núñez, Bilyeu, & Linares-Hernández, 2012), mangrove-alginate composite bead (Abas, Ismail, Siajam, & Kamal, 2015) , alginate and algal-biomass bead (Wang, Vincent, Faur, & Guibal, 2016) .
SEM-EDS analysis of beads at 50X magnification after biosorption showed that the beads were swollen with a relatively smoother surface (Figure 3(a,b) , Table 2 ). Apple peel bead at 2000X magnification revealed fewer hills and valleys and the outer layers were turned over partially closing the pores and dimples that were present prior to incubation (Figure 3(b) ). The surface of the control bead at 2000X was folded inwards forming dents at many sites along with existing cracks on the surface of the bead (Figure 3(d) ). Overall, the surface of the beads became smoother, the folds were more relaxed and the pores were smaller indicating fewer surface binding sites (Lessa et al., 2017; Song et al., 2013) . This is explained by the interaction of biosorbate ions with the biosorbent functional groups that brings the polymeric chains closer and thus leads to the formation of a more compact, homogenous and regular surface (Lessa et al., 2017) . Similar results have been reported for calcium alginate beads (S. Banerjee & A. .The elements identified in the EDS spectrogram of apple peel beads after biosorption were As, Cr, Hg and Pb (Figure 3 (e,f)), while control beads showed the presence of As, Cr, Cu, Pb and Ni (Figure 3(g,h) ). The metals of interest were mostly stacked together at localised regions that were heterogeneously distributed and appeared as brighter spots when analysed by EDS.
Effect of initial ph
The pH of the solution has a direct influence on biosorption as it affects the surface functional groups on the biosorbent as well as the degree of ionisation and solubility of the biosorbate ions (Da Silva Correia et al., 2018; Park et al., 2017; Ren et al., 2016; Vu et al., 2017; Zanin et al., 2017) . Biosorbent functional groups also dissociate and their surface charge alters with a change in solution pH (Semerjian, 2018) . In the present study, biosorption was studied in the pH range recommended by the World Health organisation for drinking water (i.e., 6.5 to 8.5). The results showed that the biosorption capacity of Cd dipped at pH 7.5 but was consistent at other pH values. pH 7.0 has been reported as optimal for Cd removal (Ince, Ince, Yonten, & Karaaslan, 2016) . However, in other biosorption systems such macroalga (Mohamed et al., 2019) , nano zerovalent iron (Boparai, Joseph, & O'Carroll, 2013) and activated biochar (Park et al., 2017) , it decreased at pH 8.0 due to the formation of soluble hydroxyl complexes such as Cd(OH) + . Similar behavior was observed for Ni with a significant decrease at pH 7.5. But this increased again at higher pH values. This may be because of the onset of precipitate formation and at higher alkaline pH values this decrease in concentration of Ni ions in solution is a result of precipitation and may not be related to biosorption. This has been shown using pistachio hull waste (Beidokhti, Naeeni, & AbdiGhahroudi, 2019) , inorganic oxide adsorbent (Ciesielczyk et al., 2013) and banana peel carbon (Van Thuan, Quynh, Nguyen, & Bach, 2017). Biosorption capacities for Cu and Hg decreased significantly at alkaline pH. Precipitation of Cu(OH) 2 and Hg(OH) 2 occurs at pH > 5.0, thus decreasing its adsorption on the biosorbent (Deng, Zhang, Wang, Zheng, & Wang, 2015; Raza et al., 2015) . However, we aimed to examine solutions having pH similar to that of drinking water, therefore results are reported for pH 6.5 to 8.5 where optimal pH was found to be 7.0 ( Figure 4) ; this is in agreement with results reported for other biosorbents (Santana, Dos Santos, Silva, & Das Virgens, 2016; Semerjian, 2018) . For Pb there was a significant increase in the removal of ions from cocktail solution at pH 7.5 and 8.0. pH 8.0 has been reported to be optimal for Pb biosorption by potato peel (Chidi & Kelvin, 2018) . Biosorption percentage of Cr and As by apple peel bead did not change significantly over the entire pH range. Furthermore, both Cr and As were the least adsorbed ions. The highest apple bead biosorption capacity was observed for Cd (1.05 mg g −1 ) followed by Cu (0.95 mgg −1 ), Ni (0.90 mg g −1 ), Hg (0.76 mg g −1 ) and Pb (0.75 mg g −1 ) ( Figure 4) . Thus, q t values are lower compared to other experiments conducted in acidic pH environments.
Effect of contact time (biosorption kinetics)
When conducting biosorption studies, other researchers have used various contact times ranging from one minute to seventy five days, depending on the biosorption system and the time required to reach equilibrium (Khiari, Wakkel, Abdelmoumen, & Jeguirim, 2019; Kim et al., 2016) . Our studies focused on how control and apple peel beads behaved between 15 min and 72 h, as we aimed to develop an efficient drinking water purification system for home use. For apple peel beads equilibrium was ion-dependent. Specifically, equilibrium was reached after 6 and 10 h for Pb and Hg, respectively. For Cd and Ni equilibrium was reached after 24 h, while Cu took 48 h ( Figure 5(a) ). Apple peel beads provided superior biosorption because for control beads all ions required 48 h to reach equilibrium ( Figure 5(b) ). Initially rapid biosorption occurred and was followed by a slower removal of ions from cocktail solution. It has been postulated that this results from the increased probability of collision and migration of the ions to the surface of the biosorbent possessing free binding sites at the beginning, which gradually get occupied over time (Basu, Guha, & Ray, 2018; Deng et al., 2015; Li, Zeng, & Xue, 2018) . The cumulative biosorption of all ions by apple peel beads was significantly higher (p ≤ 0.05) than control beads at all times except 15 min and 1 h ( Figure 6 ). Both As and Cr failed to show significant biosorption by either bead even though the EDS spectra revealed their presence on the bead surface (Table 2) . Similarly, even though Cd had the highest biosorption, it was missing from the EDS spectra for both beads and Cu and Ni were also absent from the surface of apple peel beads (Table 2 ). This may be because the ions diffuse completely through the surface pores and into the centre of the bead. In contrast, the ions with significantly smaller biosorption remained adhered to the outer surface layer and were easily identified by EDS. Thus, the EDS spectra by itself is not a reliable measure of the efficiency of the biosorption and the results must be paired with a more direct method of ion detection in the solution.
Kinetic data when modelled by standard biosorption models give an indication of the rate determining step in the process. Various kinetic models with specific and unique features explaining the type of mechanism and the efficiency of the biosorption system were used. The ions migrate from the bulk of the solution to the biosorbent surface diffusing initially through the liquid film surrounding the biosorbent particles governed by film diffusion (FD) followed by diffusion through the pores on the biosorbent surface known as particle or pore diffusion (PD). The ions then get attached to the functional groups on the biosorbent surface by either physical forces explained by pseudo-first order (PFO) or by forming chemical bonds given by pseudo-second order (PSO) (Sahmoune, 2018; Tan & Hameed, 2017) (Figure 7) . For chemisorption processes, the Elovich equation gives the initial biosorption velocity and the number of sites suitable for biosorption, assuming that the process is chemisorption (Schwantes et al., 2016) . Modified biosorption models for multi-element systems were not applicable to this study due to the large variation in Figure 4 . Effect of initial pH on apple peel bead biosorption. One bead was incubated in a 0.1 mg L −1 cocktail solution of all seven ions for 24 h at 25ºC and 250 rpm shaking. The initial pH of each solution was adjusted to 6.5 to 8.5 ± 0.1. The points represent mean ± SEM for n = 3. *significantly different to all other pH conditions for Pb, p < 0.05. equilibrium times for the range of ions examined. Therefore, standard equations designed for single element systems were applied and this approach has been used for binary solutions by others (Hadi, Barford, & McKay, 2013 ).
Film diffusion (FD) model
This model assumes that diffusion of the ions from the bulk of the solution to the biosorbent surface is the rate determining step (Mashkoor & Nasar, 2019) . When the kinetic data was analysed by the FD model high R 2 values for Cu and Ni biosorption by apple peel beads were produced. This was valid for the first 10 and 6 h, respectively, and Ni had the fastest rate of film diffusion (Figure 8(a) ). For biosorption of Cd, Cu and Ni by control beads, the model was valid for the first 24 h (Table 3 ). Since FD is the first step in the biosorption process, the validity of this model for 24 h confirms the slower uptake of ions by non-immobilised control beads. The FD rate was also faster for uptake of ions by apple peel beads as compared to control (Table 3 ). ).
Particle or pore diffusion (PD)-weber-morris model
This model is based on the assumption that the internal mass transfer of the ions through surface pores and into the binding sites is the rate determining step (Sahmoune, 2018) . This model was only valid for Cu biosorption by apple peel beads and for Cd and Ni for control beads (Figure 8(b) ) and Cd exhibited the highest rate of pore diffusion (Table 3 ).
Pseudo-first order (PFO) model
The PFO model is based on the assumption that the rate of the reaction is directly proportional to the difference in biosorption capacities at equilibrium at any given time point in the reaction (Ho & McKay, 1998) . It incorporates the role of both film and pore diffusion in its biosorption rate mechanism (Deng et al., 2015; Plazinski, 2010) . This model suggests that the electropositive ions are physisorbed (i.e. attracted and bound to the negatively charged functional groups on the biosorbent surface with weak van der Waal forces) (Romero-Cano, García-Rosero, Gonzalez-Gutierrez, Baldenegro-Pérez, & Carrasco-Marín, 2017) . Results showed that the PFO model was valid for apple peel beads for the first 10 h for Cd and Ni and for Cu for 24 h. Furthermore, the rate of diffusion and physical adsorption of Cd and Ni was thrice as fast on apple peel bead as it was on the control bead (Table 3 ), suggesting the presence of additional binding sites that reduced the overall time of biosorption by reaching equilibrium faster for immobilised apple peel beads. Additionally, Ni had the highest PFO rate followed by Cd and Cu (Figure 8(c) ). The difference in biosorption rates among ions in a multi-ion solution is attributed to the chemical properties such as ionic radii, atomic weight etc of each metal ion as well as the competition for the binding sites on the surface (Lessa et al., 2017) and is unique to each biosorption system. This was also an observation made in our preliminary studies with other fruit peels where the biosorption rates of ions changed as the solution composition changed (Singh, Martin, & Rosengren, 2018 ). The PFO model suggests that the electropositive ions are physisorbed (Romero-Cano et al., 2017) . This explains the electrostatic repulsion at the surface of the biosorbent beads and therefore the insignificant biosorption of the anions As and Cr.
Pseudo-second order (PSO) model
PSO is the preferred model that has been reported to fit biosorption data for most lignocellulosic biosorbents at low biosorbate concentrations (Khiari et al., 2019; Tan & Hameed, 2017) . It validates chemical biosorption or sharing of electrons between biosorbent and biosorbate species as the rate determining step (Ho & McKay, 1999; Mashkoor & Nasar, 2019; Mondal, Samanta, Chakraborty, & Shaikh, 2018; Tejada-Tovar, González-Delgado, & Villabona-Ortíz, 2018; Wang et al., 2018) . The PSO model relies on pore diffusion to explain the rate determining mechanism of the reaction (Plazinski, Dziuba, & Rudzinski, 2013) . Results showed that the PSO model fit well until the last time point for Cd and Ni with both bead types and for Hg with apple peel beads (Figure 8(d) ). Data for Cd and Ni also showed good fitting with PFO model which incorporates pore diffusion in determining the rate of reaction, thus strengthening the assumption that diffusion of ions through the pores of the beads may have been the slowest step in the biosorption process. Furthermore, the PSO rate for Cd and Ni was faster for apple peel beads compared to control, which was also seen with PFO model. The initial biosorption rate at time zero was higher for Cd and Ni uptake by control beads as compared to apple peel beads (Table 3 ). This suggests that although diffusion through the pores of control beads prior to surface attachment is fast, there may be fewer active binding sites present compared to apple peel beads. This again, is in agreement to the conclusion from the kinetic observations in the PFO model. Among the seven ions in a cocktail solution, Hg had the highest rate of reaction. It appears, therefore, that Hg biosorption by apple peel bead may be limited by PSO reaction that suggests chemical interactions between the metal ion and the binding groups on the apple peel bead surface. PSO model fitting for Hg has also been demonstrated with other biosorbents such as Egyptian mandarin peel (Husein, 2013) , Pachira aquatic (Santana et al., 2016) , modified cassava and lemon peels (TejadaTovar et al., 2015) , activated carbon prepared from Theobroma cacao pod husk (Kede et al., 2015) and chemically modified water hyacinth (El-Wakil et al., 2014).
Elovich equation
The Elovich equation was first used for describing adsorption of gases on solids but its use has been extended to the solid-liquid biosorption systems (Romero-Cano et al., 2017) . This model supports the chemisorption theory of biosorption and assumes a heterogeneous biosorbent surface. However, it is not suitable for time points close to equilibrium, as the model does not take into account the possibility of desorption (Tan & Hameed, 2017; Tejada-Tovar et al., 2018) . The Elovich equation could not be validated beyond the first 3 h for any ion with both bead types (Figure 8(e) ). Chemisorption is not likely to take place within this time period because ion diffusion dominates during this time. Therefore, the uptake of ions is not via chemical interactions and desorption may also occur.
Ions with the best fit for the various models are shown in Table 3 and an overall summary is represented by Figure 7 . Overall, PFO was the best fitting model followed by FD and PSO, while the Elovich equation was not valid. Apple peel biosorption of Cd, Cu and Ni from a cocktail of seven ions showed that the rate of the reaction was governed by the physisorption-based PFO reaction whereas Hg fit well with the assumptions of the PSO model that supports chemisorption. However, as suggested by Plazinski et al. (2013) , a simple fitting of the kinetic data to the PSO model should not be interpreted as the applicability of the model as it also follows the behaviour predicted by other models including pore diffusion. Isotherm and thermodynamic studies indicating the energy exchanges are also required for confirming the chemical nature of Hg binding to the biosorbent bead. For control beads, both FD and PFO were the slowest steps in the uptake of Cd, Cu and Ni from the cocktail solution.
The values of equilibrium biosorption capacity (q e ) calculated experimentally were compared with those obtained from kinetic models and were found to be closer to PFO than PSO (Table 4) , thus further validating the goodness of fit to the PFO model or physisorption. The poor fitting of the ions to Elovich equation supports evidence of the physical nature of the binding of the ions to the biosorbent beads. This weak binding could be advantageous as desorption of ions could be carried out easily using low energy to break the biosorbate-biosorbent bonds and thus, theoretically, the metal could be repurposed. Chatterjee and Schiewer (2014) , have stated that peel-immobilised beads are better biosorbents than peel particles and although they appear to be slower than particles, the accurate assessment of their faster kinetics can only be made when equivalent sizes of beads and particles are compared. Thus, it is recommended that the results from this study should be compared to biosorbent beads of a similar nature.
Effect of biosorbent concentration
To study the effect of biosorbent concentration on the removal of ions, 1 to 10 apple peel beads were incubated with the ion cocktail solution for 10 h. The results indicated that biosorbent concentration plays a direct role in the removal of some ions, but not all from a cocktail solution. While Cd, Cu, Pb and Ni showed an exponential decrease, the concentration of As, Cr and Hg did not change significantly with increase in biosorbent concentration (Figure 9 ). Each biosorbent bead has a specific number of active sites and the addition of each bead increases the number of these available binding sites. This explains the high concentration of Cd, Cu, Pb and Ni in solution with lower biosorbent quantities. Therefore, the curves of these ions exponentially decrease and tend to plateau beyond which there was no significant decrease in ion concentration. The straight-line plot for Hg may be due to the simultaneous displacement of biosorbed Hg ions from the binding sites back in the solution by the other ions that may be competing for the same surface functional groups. Additionally, the surface of apple peel beads may not be suitable for binding As and Cr as explained earlier and therefore the concentration of these ions do not change significantly with an increase in the biosorbent concentration. Kołodyńska et al. (2010) have shown pH 9-10 to be ideal for As (V) removal from waste water using ion-exchange mechanisms. Furthermore, Banerjee & Basu et al. (2018) have used pH < 2 for binding of Cr (VI) onto a walnut shell based biosorbent.
Since the experiments performed in this study were strictly for drinking water treatment using unmodified biosorbents, it is not surprising that optimal biosorption of As and Cr did not take place.
Presence of co-ions
Biosorption capacities, q sm and q cocktail were measured in single metal and cocktail solutions at three different time points (1.5, 10 and 24 h). The effect on biosorption capacity whether, synergistic, no effect or antagonistic due to the presence of co-ions was determined from the ratio (q cocktail /q sm )>1, (q cocktail /q sm ) = 0 and (q cocktail /q sm )<1, respectively (Mahamadi, 2019; Mohan & Chander, 2001) . The results showed that a near-synergism was found for Cd and Cu with the ratio value bordering one, whereas for all the other ions the ratio was less than one (Table 5) , thus indicating suppression in biosorption capacity as a result of the antagonistic effect by competing ions. Biosorption suppression could not be calculated for As with this formula as biosorption was non-significant in cocktail solution (Table 5 ). Biosorption percentage was then compared in single metal and cocktail solutions using a two-way ANOVA coupled with a Bonferroni post hoc test. The results showed that all the ions (except Cd and Cu) had a statistically significant decrease in biosorption when in a cocktail ( Figure 10 ). Competitive adsorption of ions such as Cd, Cu, Pb, Ni, among others has been demonstrated for other biosorbents such as natural clay (Dho & Lee, 2003) , mango biomasses (Reynel-Avila, Mendoza-Castillo, Olumide, & Bonilla-Petriciolet, 2016), modified biochar (Deng et al., 2017) and citrus peels (Singh & Shukla, 2017) among others. Several explanations have been given for this antagonistic effect in multiple ion solutions such as (i) the difference in the electronegativity of the various ions in solution competing for the active sites on the biosorbent surface Petrovič & Simonič, 2016) , (ii) the effect of hydrated ionic radii on electrostatic attractive forces that are involved in biosorbate and biosorbent interaction (Reynel-Avila et al., 2016) , and (iii) the ionic radii of the ions Petrovič & Simonič, 2016) . Since seven ions with different properties were present in the cocktail solution, biosorption capacities obtained for each ion present were lower than that reported by other groups Figure 9 . Effect of biosorbent concentration. One to ten beads in 1 mg L −1 cocktail solution containing all seven ions each at 1 mgL −1 for 10 h at pH 7.0, 25 ºC and shaking at 250 rpm. The points represent the mean ± SEM for n = 3 with data analysis by nonlinear regression.
for single ion solutions. Indeed, biosorption is expected to be less effective in the presence of competing ions (Petrella et al., 2018) .
A number of reasons may explain the relatively low values of biosorption capacities obtained in the present study. Firstly, the low initial concentration of ions in solution resulted in a corresponding smaller amount of ions biosorbed per gram of bead. Secondly, a neutral pH of the solution was desired in order to mimic drinking water, which is in contrast to the most studies that rely on a highly acidic pH for optimal biosorption. Lastly, multiple ions in solution likely compete for the same binding sites and thus, equivalent removal compared to single ions cannot be expected. Overall, the efficiency of apple peel immobilised on a sodium alginate bead may be determined by its ability to remove a higher percentage metals from solution compared to control beads. This ability to remove a range of heavy metals and ions indicates that this type of bead preparation has the potential to be adapted to drinking water conditions and warrants further examination.
Conclusion
Apple peel was immobilised as beads using sodium alginate and its performance was compared with that of non-immobilised sodium alginate control beads. Results showed that the surface of the apple peel beads was more favourable for the binding of the ions compared to control beads. Biosorption of ions by apple peel beads at neutral pH showed that Cd was readily removed, while Cr and As remained in the simulated drinking water. An increase in the biosorption concentration of apple peel beads increased the removal of Cd, Cu, Pb and Ni, whereas the concentration of As, Cr and Hg did not change. Thus, these beads are not likely to be useful for As Cr or Hg removal from drinking water. However, biosorption kinetics showed that apple peel beads were superior to control beads and could remove a larger percentage of the total metals present. Importantly, One bead in 0.1 mg L −1 of either a single ion or cocktail solution containing all seven ions each at 0.1 mg L −1 at pH 7.0, 25ºC, 250 rpm continuous shaking for 1.5, 10 and 24 h. *indicates near synergism instead of suppression these beads retained efficacy in a multi ion solution, which is more representative of actual drinking water. This indicates that these beads have the potential to be used for decontamination of drinking water and thus the utility of these beads warrants further examination and optimisation.
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